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Scope and Method of Study;	 The performance of an axial vane - type
swirler was investigated to aid in computer modeling of gas tur-
bine combustor flowfields and in evaluation of turbulence models
for swirling confined jet flow.	 The swirler studied is annular
with a hub- to-swirler diameter ratio of 0 . 25 and ten adjustable
vanes of pitch - to-chord ratio 0_.68.	 Measurements of time-mean ?
axial, radial, and tangential velocities were made at the swirler
exit plane using a five-hole pitot probe technique with computer f
data reduction.
	
Nondimensionalized velocities from both radial_' L
and azimuthal traverses are tabulated and plotted for a range of
swirl
	
vane angles ^ from 0 to 70 degrees.	 In addition, a study
was done of idealized exit-plane velocity profiles relating the
swirl numbers S and S' to the ratio of maximum swirl and axial 24
velocities for each idealized case, and comparing the idealized
swirl	 numbers with ones calculated	 from measured profiles.
Findings and Conclusions:	 Measurements of time-mean velocity components
at the swirler exit plane show clearly the effects of centrifugal
forces, recirculation zones, and blade wakes on the exit-plane
velocity profiles.
	
Assumptions of flat axial and swirl profiles
are found to be progressively less realistic as the swirl vane
angle increases, with axial and swirl velocities peaking strongly
at the outer edges of the swirler exit and significant non -zero
radial veloci ties present.	 Higher-order idealized profiles gave
improved correspondence with moderate to high swirl cases, but note
of the idealizations studied could approximate the measured pro- a
files satisfactorily.
	
For strong swirl, the central recirculatiofl
zone extended upstream of the exit plane, and nonaxisynmetry wes i
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1.1 Combustor Flowfield Investigations
The problem of optimizing gas turbine combustion,chamber design is
complex, because of the many conflicting design requirements. The need
for a more complete understanding of the fluid dynamics of the flow in
such combustion chambers has been recognized by designers in recent
years, and research is continuing on several fronts to alleviate the
problem.
As part of an on-going project at Oklahoma State University, studies
are in progress concerned with experimental and theoretical research in
2-D axisymmetric geometries under, low speed, nonreacting, turbulent,
4
AI
swirling flow conditions. 	 The flow enters the test section and proceeds
into a larger chamber (expansion ratio D/d 	 2) via a sudden or grad-
ual expansion	 (side-wall angle a = 90 and 45 degrees). 	 Inlet swirl	 vanes
are adjustable to a variety of vane angles with 	 0, 38, 45, 60 and
70 degrees being emphasized. 	 The general aim of the entire study is to
characterize the time-mean and turbulence flowfield, recommend appro-
priate turbulence model advances, and implement and exhibit results of
flot-,ifield predictions. 	 The present contribution concentrates on the
time-mean flow characteristics being generated by the upstream annular
swirler,
	




,search is progressing in several areas related to the flow facil-
ity investigation just described. Computer simulation techniques ere
being used to study the effect of geometry and other parameter changes
on the flowfield. An advanced computer code (1) has been developed to
predict confined swirling flows corresponding to those studied experi-
mentally. Tentative predictions (2) have now been supplemented by pre-
dictions made from realistic inlet conditions (3) for a complete range
of swirl strengths with downstream nozzle effects (4). Accuracy of pre-
dictions from a computer model is strongly dependent on the inlet boun-
dary conditions used, which are primarily determined by the swirler and
its performance sit different vane angle settings.	 In the earlier predic-
tions, the velo%city boundary conditions at the inlet to the model com-
bustor were approximated by idealized flat profiles for axial and swirl
,l
velocity, with radial velocity assumed to be zero. 	 However, recent }x
measurements taken closer to the swirler exit show that the profiles :E
k	 produced are quite nonuniform, with nonzero radial velocity and nonaxi- ,
symmetry.
The flowfield'in the test section is being characterized experimen-
tally in a variety of ways.	 Flow visualization has been achieved via x
still	 (5) and movie (6) photography of neutrally buoyant helium-filled
soap bubbles and smoke produced by an injector and a smoke wire..	 Time- i
mean velocities have been measured with a five-hole pitot probe at low
(5) and 'high	 (7) swirl strengths. 	 To help in turbulence modeling, com-
plete turbulence measurements have been made on weakly (8) and strongly
(9) swirling flows, using a six-orientation single-wire hot-wire tech-
nique.	 An alternative three-wire technique has also been shown to be
u
1.2 Previous Studies
useful in the complex flow situations (10).
References to previous work done elsewhere are found in Chapter II,
relating to theoretical analysis of swirler performance.
1.3 Scope and Objectives
A key element in swirling flow studies is the swirl generator used.
Since it lies at the inlet to the combustor model, th e swirler can have
a strong influence on the n^easuretients or predictions made downstream.
Better definition of the swirler`s performance characteristi',s is needed.
In the present study, the main objective has been to make time-mean
velocity measurements as close as possible to the swirler exit, so as to
define more accurately the performance characteristics of the swirler. Y3
A range of swirl-blade angles qp from 0 to 70 deg, is considered. Speci-
fic objectives include;
I. Investigate the flow turning effecti veness of flat blades in
1
annular axial vano swirlers at various blade angles,
2. Investigate the degree of nonaxisymmetry introduced by vane	 y.
type swirlers.
3. Establish carrelai.ions between the blade angle h and the velo-
city profiles and degree of swirl actually produced.
4. Evaluate the appli cabil ity of idealized velocity profiles used
recently in'flowfield prediction codes, and specify more rea-
listic idealized profiles for future use.
5, Provide swirler exit data usable as inlet conditions in predic-






1.4 Outlir of the Thesis
In the previous sections, the scope and objectives of this study
were presented, with the significance of the study in relation*to past
and present work on combustor flowfield investigations being high-
lighted.
Chapter II describes riathematical derivations from idealized
swirler exit velocity profiles, relating the swirl number to the ratio
of maximum swirl and axial velocities for several cases.
Chapter III covers the experimental equipment and procedures used
for measurement of the swirler exit flowfield 	 It includes descrip-
tions of the flowfield facility, the swirler, and the five-hole pitot E
probe and its associated instrumentation.
	
Calibration, measurement,
and data reduction procedures are also briefly described.
The first two sections of Chapter IV discuss experimental results
k
from radial and azimuthal traverses, respectively, noting the presence
of nonaxisymmetry, recirculation, and strong velocity gradients at the
i
swirler exit plane.	 A third section describes the results of a check
on sensitivity of the measurements to calibration errors. 	 The last Y
section of Chapter IV compares the swirl numbers calculated frmm mea- {
sured profiles and from the idealizations of Chapter II to judge the
,x
f
usefulness of the idealized profiles.
Chapter V presents conclusions drawn from the above results and
;z
'F
makes recommendations for further research on this topic,
Appendixes A and ,B include tables and figures, respectively.	 A
description of revisions to be computer program for reduction of five-
-.e
hole pitot probe data is in Appendix C, and a listing of the program
i.6







2.1 Idealized Velocity Profiles
All theoretical analyses of swirler performance and most numerical
simulations of combustor flowfields have used simple idealized swirler
exit velocity profiles. Common assumptions made include flat axial and
swirl velocity profiles downstream of the swirler for swirlers with vanes
of constant angle (2, 5, 11, 12), and flat axial profile with linear
swirl profile (solid-body rotation) for swirlers with helicoidal vanes
and for tangential-entry swirl vener=ators (13, 14). These, however, have
been shown 'to be gHte unrealistic (3, 12, 15) and to lead to consider-
able errors in computer sfitulations (4). Although the best approach for
numerical simulations is to use experimentally measured profiles if they
are available, idealized profiles are very useful in theoretical work.
If more realistic profile ,.ssumptions can be developed which are still
mathomati`cally tractable, wore useful analytical results may be derived.
Getter idealized profiles would also be 'useful as inlet boundary condi"
tions for computer modeling when measured data is not available.





are more appropriate for moderate and high swirl cases,
,l
wirl velocity also approaches a parabolic profile at high;
is, with most of the flow leaving near the outer boundary 	 r
Several combinati ons
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profiles are shown in Figure 1, along with the flat and linear profile
assumptions used in previous studies Parameters associated with these
profiles are investigated in Section 2.3.
2.2 Definition of Swirl Parameters
The Swirl number is a nondimensional parameter used to characterize
the degree of swirl generated by a swirler. It is defined as follows
(1 3 ) •	 Gp
Gx (d/2)	 (1)	 w
where the axial flux of angular momentum G D is given by	 }
27rd/ 2
G	 ^ do ^	 ^ TM^uw + pu'w'] r2 dr	 (2)
and the axial flux of axial momentum G x is given by
27r	 d/2




and d/2 is the swirler exit radius (4). These equati-ons are obtained
from appropriate manipulation; of the axial and azimuthal momentum equa-
i
tions, respectively. In free jet flows these two expressions are
invariant with respect to downstream location. In the axial momentum
	
r
expression, the pressure term (p - per ) is given from radial integration a
of the radial momentum equation (16) by
( p -
 per ) = rr Cwt r] dr 	 pv,2	 (4)
d/2
i^
If the pressure term is omitted front the axial momentum, the dynamic





t	 'ZG	 r do r	 [ou + pu] r dr	 (5)
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This leads to an alternate definition of swirl number (17)c
G 
GX(d/2)	 (6)
If turbulent stress terms are neglected, it is apparent that a know -
ledge of the distribution of the time-mean u and w velocity components
across the swirler is sufficient to calculate either swirl number. The
idealized exit velocity profiles provide just such knowledge, and expres-
sions relating swirl number to the ratio of maximum exit swirl and axial
velocities can now be derived for each of the profile types. As the
procedure is similar for each of the five cases a detailed derivation
will be shown for the first case only, with only final results given
for the other four.
2.3
	 Swirl	 Numbers -for Idealized Profiles
t
f
By assuming axisymmetric flow and neglecting turbulent stresses




G o - 27T	 Ei uw]r 2 dr (7)
^1	 a
d/ 2
G x 	2r	 $	 Eou 2







(p - p.)	 =	 rr	 [,,w2 r]dr (9)
d/2
When the expressions_ for axial
	 and swirl velocity for case I (See Figure
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(10)
tution of w(r) - w0 into Equation (9) and integrating produces
( p	 p") = Pw2 [ln(r) - ln(d/2)] 	 (11)
substituting Equation (11) into Equation (a) and integrating, the
Mon becomes
w	 Gx	 Rplu'	 (d/2)2 C1
w	 2
2 ( u°) ] (12)
Finally, putting Equations	 (10) and	 (12) into Equation (1) and defining






The alternate swirl number S'	 follows from fi ndi ng the dynamic axial
r






Using this in Equation (6) leads to the simple expression,
LL
S'	 = 2F/3 (15)
.	 a
By the same procedure, expressions for S and S'	 for the other four
ti
cases are found to be as follows:
r
For case II with u(r) _ u
	 w(r) =
o
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F
For case III with u(r) = u	 ( r ), w(r) = w
	 (	 r 	 and defining
Rio	 'd2	 mo d72






For case IV with
2
u(r) = u
	 ( r )	 w(r) = 'w	 ( r )	 and
1110 d-/2



















and defining J as w	 /umo mo
.0
k S _ 4J/. (22)
1 -2J/3
and
S'	 = 4J/7 (23) 9
Each of these expressions for S and S' may be inverted to yield
the velocity ratio as a function of swirl number. 	 A summary of the
}
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Numerical values from each of these expressions are given in Table I,
and the same relationships are shown graphically in Fig. 2 for a range
of commonly-encountered swirl numbers.
It is evident from the equations alone that the S' expressions are
all simple linear relations. The parameters f through J will increase
without bound as the swirla be `sn m r i increased in each case. In con-
trast, the parameter variation with S shows asymptotic behavior; the
exit velocity ratios all approach definite values as swirl number in-
creases. The asymptotic values are also given in Table I.
Although the curves ore generally similar in shape, some observa-
tions can be mace. The curves for cases II and IV are the upper and
k
[t
lower extremes for both the S and S' relations, with the curves for
cases I, IIT, and V falling in between. This may be anticipated since
the w profile is of higher order than the u profile for case II (that
is, linear versus constant) and the opposite is true for case IV
(linear versus parabolic). In the other three cases the u and w pro-
files are of the same order.
In appraising the usefulness of ne idealized profiles, comparison
may be made with the measured profiles given later in Chapter IV. As
t
the swirl strength increases from 0 to 70 deg., corresponding profiles 	 =.
z
of cases I to V appear roughly appropriate. The moderate swirl case
45 deg.) gives the best match with its corresponding idealization
(case III, linear axial and swirl profiles), by visual inspection alone.
However, the presence of the hub and central recirculation zone prevent
adequate representation by the idealized profiles, as demonstrated by
the experimental results discussed: in Chapter IV.
3
s






EXPERIMENTAL EQUIPMENT AND PROCEDURE
3.1 Combustor Flowfield Facility
The installation on which all tests were performed is a low-speed
wind tunnel- designed and built at Oklahoma State University. It pro-
duces uniform `low of relatively low turbulence intensity, with contin-
uously adjustable flow rate. The facility consists of a filtered intake,
an axial blower, a stilling chamber, a turbulence management section,
and a contcured outlet nozzle, A schematic of the facility is shown in
Fig. 2
The intake consists of a rounded entrance containing fixed inlet
guide vanes, surrounded by a coarse-mesh screen box covered with foam
rubber panes to filter the incoming ambient air. The blower is a six-
F
bladcAd propeller-type fan, driven by a 5 h.p. U.S. Varidrive motor which 	 E	 j
"
can be continuously varied from 1600 to 3100 rpm.
.s
Air front the blower is expanded into the stilling chamber and passes
4	 t
through several fine mesh screens to help remove the turbulence gener-
ated by the blower.. The turbulence level is further reduced by passage 	 _	 I
7
through the turbulence management section. This section, a round duct
	 =
of 76 cm diameter, contains a perforated aluminum plate (2 mm diameter
holes) followed by a fine mesh ,screen, a section of packed straws 12.7	 F.t
cm long, and five more fine mesh screens. Most of the turbulence reduc
	 ;."












effectively removed by the straws,
To reduce the duct diameter down to the 15 cm outlet diameter, a
specially contoured nozzle is used. This was designed after the method
of Morel (18) to minimize boundary layer growth and produce a uniform
top-hat profile, with no separation or instabilities upstream. The
nozzle is of molded fiberglass with a steel flange at the outlet for the
attachment of various test articles, A l cm diameter hole a short dis -
tance upstream of the outlet allows for insertion of a standard pitot-
static probe to measure the dynamic pressure upstream of the swirler.
This measurement, with a small correction for difference in flow area,
is used to calculate the swirler inlet reference velocity, uin.
3.2 Swi ;^l er
s
The swirler used in this study is annular with hub and housing dia -
meters of 3.75 and 15.0 cm respectively, giving a h ub-to-swirler dia-
meter ratio z of 0.25. The hub has a streamlined parabolic nose facing
ui)stream and a blunt base (corner radius approximately 2 mm) facing down- a
stream. It is supported by four thin rectangular-section struts or
spider arms from the housing wall. The base of the hub protrudes approx -
imately 3 mm downstream of the swirler exit plane Photographs are sche
E	 matics of the swirler are shown in Figures 3 through 5.
The ten vanes or blades are attached to shafts which pass through ti^t
the housing wall and allow individual adjustment of each blade's angle.
.;F
The standard vanes are wedge-shaped for nearly-constant pitch-to-chord
ratio u of approximately 0.68, which according to two-dimensional cas -
cade data should give good flow-turning effectiveness. Sets of




installed to study the e l` fect of increased pitch-to-chord ratio on turn-
ing effectiveness, nonaxisymmetry, and radial secondary flow patterns.
Vane planforms are shown in Figure 6,
3.3 Five-Hole Pitot Probe and Instrumentation
Velocity profile measurements were made using a five-hole pitot
probe (Model DC-125-12-CD by United Sensor Division of United Electrical
Controls Co.), one of the few instruments capable of measuring the mag-
nitude and direction of the local time-mean velocity vector simultan-
eously. Detailed explanations of five-hole pitot operating techniques
and basic principles may be found in Reference 5. A schematic of the
probe ti p geometry showing the velocities and angles measured is given
in Figure 7
The probe is mounted in a traversing mechanism (Model C1000-12 from
United Sensor) which in turn is mefunted on a 30-cm diameter plexiglass
tube which fits closely over the swirler exit flange. This tube com-
prises the test section for combustor flowfield modeling in related
studies (1- ;0) and creates confined-jet conditions downstream of the y^,	 r
Rio
swirler. The presence of the rest section tube has neg1:F'O ble effect
on the flow patterns observed at the swirler exit plane.
The traversing mechanism allows the probe to be translated verti-
cally (on a radial line outward from the test section axis) and rotated
F	 360 degrees about the probe's yaw axis. In addition to the motion per-
mitted by the traverse-mechanism, the test section tube on which the
traverse mechanism is mounted may be rotated about its axis with respect
i
to the swirler, thereby allowing azimuthal traverses to be performed.
Tubing from the probe's five pressure taps is routed through selec
j
tot, valves so than pressure differences between any two of the probe's
i
five holes may be measured by a differential pressure transducer (Type
3
590 Barocel Pressure sensor by Datametrics Inc,, * 10 turr range).	 The
resulting pressure difference values are then read directly from a digi-
tal voltmeter with selectable averaging time-constant (Model 1076 True
RMS Voltmeter by TSI, 	 Inc.),
r	 3,4	 Calibration, Measuremmnt, and
i
Reduction Procedure
Calibration of the five-hole probe is done using a small free Jet
which has a contoured nozzle similar to that of the flowfield facility.
ti
The probe tip is placed in the uniform parallel flow of the jet potential
;p
5
core and adjusted to zero yaw angle.	 The probe is then rotated about
its pitch axis and values of (p 	 p 	 (p	 p ), and	 (p	 p t,,, ) pres-
`	 N^	 S^	 W	 C^
	
atm
sure differences are measured at different values of pitch angle S.
Velocity imasurements with the five-hole probe are made after the
probe has been carefully aligned with the facility and the pressure
{
transducer properly zeroed, 	 At each measurement location, the probe is
aligned with the local flow direction in the horizontal plane by nulling
the pressure difference (p F W pw).	 The value of yaw angle 0 is then a	 h
-read from he rotary vernier on the traverse mechanism.	 Finally, values
of the pressure differences
	
(pN - pS )a	 ( p C -




The raw pressure data are reduced by a computer program to yield
nondimensionalized values of the u, v	 and w velocity components, as ,k
well as, the static pressure. at each location. 	 The reduction program
also performs numerical integration 	 on the radial traverses to obtain




values of the axial and angular momentum fluxes, and from these calcu-
lates the swirl numbers S and S'. Some details of the reducti on proce-
dure are given in Appendix C, the description of changes made to the
S
reduction coda while more general descriptions of the original code
Y
are found in references (19) and (20). A l isting of the code with
















Velocity profiles from both radial and azimuthal traverses for each
t
of the flowfields investigated are now presented and discussed.
t	 Table II gives a summary of the operating conditions used during the
studies.	 With nonswirling conditions, the low fan speed delivers rela-
tively high ax-{al velocity and corresponding Reynolds number.	 At pro-
k
gressively higher swirl strength conditions, progressively higher fan
speeds are used, but even so exit velocities and Reynolds numbers reduce
because of increasing flow restriction of the swirler.	 However, based
on a limited study elsewhere (4), it is expected that all flowfields
are in the Reynolds number independent regime.
The radial traverses consist of ten points from the centerline to
the swirler exit radius, spaced 7.6 mm apart.
	
Of these ten, only seven
t
stations were actually measured since the hub blocked the inner three
d
positions.	 The azimuthal	 traverses contain nine points spaced 6 degrees
apart at a constant radial distance from the centerline. 	 Azimuth angles
0 were taken from -24 to *24 degrees, , with the 6 = 0 position in line
with the shaft of one of the swirl vanes.	 A diagram showing the tra-
z
verse patterns on the face of the swirler is given in Figure 8.
Unless otherwise stated all traverses are taken immediately after
the swirler exit downstream face with no expansion blocks present.










ie expansion station, separated from the swirler in practice (5-10)
one aP the expansion blocks, Only for the data presented in Tables
XV and XVI and Figures 21 and 22 is the expansion block affixed to the
downstream face of the swirler and measurements then taken at x/D = 0:0.
4.1 Velocity Profiles From Radial Traverses
Axial, radial and swirl velocity component data are tabulated in
Tables III through VIII for radial traverses from the swirler centerline
to the swirler exit radius. Data are presented for five values of swirl
blade angle; zero (no swirler) zero (with swirler), 38, 45, 60, and
70 deg, Corresponding velocity profile plots are shown in Figure 9 to
14, with the profiles extending from the centerline to twice the exit
radius (r/D
	 0.5 where D is the test section diameter used in associated
studies). All velocities shown are normalized with respect to the
swirler inlet uniform axial velocity, deduced independently from the F
pitot-static measurement upstream of the swirler. The outer ten data
points are zero in each profile because the presence of the solid boun-
dary of the swirler flange precluded measurements at these locations.
	 }
,. f
The nonswirlincg case shown in Fig, 9 has a nearly-flat axial velo-
city profile, as expected for the plain nozzle opening without the
	 €	 j
swirler installed. There is no measurable swirl velocity, and the ra-
dial velocity is zero except for points very near the edge of the exit,
where the flow begins to anticipate the abrupt expansion to twice the
,
exit diameter. The second nonswirling case, see Figure 10, has the
swirler installed with the blades set to
	
_ 0 deg. The traverse was
made midway between two blades and away from any of the hub supporting
ORICMNAV Pi,X,-;i-` W
OF POOR QUALITY
increase toward the hub. However, the velocity has increased by nearly
26 percent, because of the decrease in flow area with swirler hub and
vanes in place. In addition, the hub induces a negative radial velocity
across the entire annulus, overriding the tendency to anticipate the ex-
pansion corner, The swirl velocity Is, as expected, negligible.
The 38-degree blade-angle case 
in 
Figure 11 shows remnants of the
flat inlet profile over a S ►1►,111 portion of the radius near the outside
edg it) bot :h tile. axial and swirl profiles. The presence of the hub nowe
constrains 'tile three Innermost points to zero, and the region between the
IlUb and tile flat portion in the axial and swirl profiles is approximately
linear. 'rho maximum axial velocity is 1.5 times the inlet axial velocity
because the flow area is decreased by tile hub and also because centri=
finial effects have shifted the profile outward. The radial velocity has
an irregular profile with a ji ►aXiII ►UJI) value of one-half the inlet axial
velocity,
In the	 45 degree case of Figure 12 the flat segments are no
loncjer present and both axial, and swirl profiles vary from zero at the
hub to a maximum at or near tile rim of the swirler in an almost linear
fashion. The similar shape and 111Aq0tUde of the profiles indicates that
the turning angle is 
fairly 
uniform and only slightly less than 45 de-
grees. The radial velocity is again irregular, but shows a step at r/D
0.1 sfiliflar to tjjktt in the axial and swirl profiles; this is probably
due to 'tile central recirculation zone downstream beginn.';nq to slow down
the flow upstream of it
Profiles 
ensuing 
from the caso of	 60 degrees, see Figure l3t
all have a shatply peaked shape, with most of the flow leaving near the





peak value nearly twice that of the reference velocity upstream of the
swirler. The step in the 45 degree axial profile has now developed into
reverse flow, indicating that the central recirculation zone now extends
upstream past the exit plane. The reverse flow is accompanied by reduced
swirl velocity and very low values of radial velocity. The positive
axial velocity adjacent to the hub may be the result of a slight clear-
ance between the blades and the hub, allowing air with greater axial
momentum to pass through.
Exit velocity profiles obtained for the strongest swirl case con-
sidered ((p = 70 deg.) are shown in Figure 14. Almost all of the flow
leaves the swirler at the outside edge. The maximum axial and swirl
velocities are approximately 3 and 2.5 trines the upstream reference
values, respectively, and the velocity gradients across the profiles are
quite large. The reverse flow in the center of the axial profile is
	
=i
stronger than in the 60-degree case and is now accompanied by negative
or inward radial velocity. This suggests the possibility of a vortex
ring structure occurring at the exit of the swirler under high-swirl
conditions. The swirl velocity profile remains positive but shows a
step corresponding to the outer boundary of the recirculation zone.
q
4.2 Velocity Profiles from Azimuthal Traverses
tp	
Y
An indication of the azimuthal or 0-variation of axial, radial,
C
f
and swirl velocities is now given for the same vane angle settings used	 r
in the radial traverses. The measurements were taken at a constant
:m
radial position of r/D = 0.175, which in most cases illustrates ,ade-
quately the azimuthal flow variation. However, measurements at r/D =




sentative of the retain region of the flow. In addition, azimuthal tra-
verse measurements were taken 0.109 n downstream (at x/D = 0.0, expansion
corner with the 90-degree block installed) for
	
- 70 degrees to inves-
tigate further the upstream extent of the central recirculation zone.
1




Measurements i'n each case span, an angle of 48 degrees, somewhat more j
than the 36 degrees between successive blades.	 Data are tabulated in ;
numerical form in Tables IX through XVT, and corresponding velocity pro-
files are given in Figures 15 through 22:
The variations in all normalized velocity components u, v, and w
occur in approximately 36-degree cycles, coinciding with the blade
Spacing,	 The profiles all show significant variation with azimuthal TJ
' position, except for those in or near recirculation zones where thew
*	 1
velocity component is dominant.
	
These variations can be attributed to
several causes, among them being blade stall from; using flat blades at
i high angles of attack and wakes from blunt trailing edges.
Figure 15 shows the azimuthal profile with the swirler installed,
but with the vanes set to zero angle. 	 The 6 = 0 degree position is di-
{ rectly downstream of one of the swirl vanes, approximately 3 mm from
the trailing edge at the r/d = 0.179 position . 	 The velocity defect in
the wake of the blade is clearly seen in the axial	 velocity profile, al-
A
though the precise accuracy of these measurements is uncertain because
of the velocity gradients across the width of the probe. 	 The decreased
u-velocity at the left side of the ,profile is caused by the presence of
an upstream strut supporting the hub, located at e = +24 degrees. 	 The
radial velocity is uniformly negative indicating inflow over most of
22
^ange, which agrees well with the results of the radial traverse
snow" earlier in Figure l0. The radial velocity is positive only in the
blade wake region. The swirl velocity, as expected, is effectively zero.
Figure 16 presents the results of an azimuthal traverse for the
38 degrees low-swirl case. The measurement position at r/D = 0.179 is
in the middle of the flat portion of the radial profile, as may be de-
duced from observation of Figure 3. The 36-degree cyclic variation from
one blade to the next is apparent in each of the profiles.
	 The u and w
profiles have a flat portion, apparently between blade wakes, with an
average yaw angle of about 39 degrees..
	 This confirms the assumption
r
that the blade pitch/chord ratio of 0.68 is sufficient to adequately turn
the flow.	 In fact, over the rest of the profile, the turning angle is ='
even higher than the blade angle.
	
The radial velocity shows no flat
x	
a
region and varies the most of the three components,
	 It is also quite 'k
large even at this low degree of swirl. Al
In the case of	
_ 45 degrees, Figure 17 illustrates that the 36-
i
degree cycle is not as clear, but nevertheless significant variation
exists in all profiles. 	 The radial component is nearly as large as the ^	 ..
axial and swirl components in some places, and again exhibits the great-
4
est variation with azimuthal
	
position. a
For the 60-degree swirl case of Figure 18 variations with azimuthal
position are again evident in all
	 profiles.	 The variation is less than 't
in the cases seen heretofore
	 possibly beca use	 i	 	   the ma n flow has shifted.
further outward under centrifugal effects and the measurement position
is in a region of reduced velocity.
This effect is even more notable _in the
	 = 70 degrees profiles x
portrayed in Figure 19.





the main exiting flow, but on the edge of the central reecirculation
zone. The axial velocity here is effectively zero, although consider-
r	
able swirl and radial velocities are present, The radial velocity, it
{	 should be noted, is negative or inward towards the centerline. Azimu-
thal variations are fairy small here, which is to be expected since
the flow is mainly in the azimuthal direction. To get a more represen-
tative sample of the exiting flow from the swirler with blades at 70
P	 degrees a traverse was made at the next outward radial station at r/D
f
	
	 0,204. When the velocity profiles shown in Figure 20 are compared
with those in the previous figure, the effects of extreme velocity gra-
dients in tiM radial direction may be perceived. The accuracy of the
radial velocity and pitch angle measurements may be suspect in the pre-
sense of high radial velocity gradients, but the major features of the
flow can still be assessed. In a radial distance of only 7.6 imi, the
axial velocity jumps from zero to over 12 m/s 	 In addition, the swirl
velocity increases over 50 percent and the radial velocity changes sign.
The 36-degree cyclic vaj , i a ti on with blade spacing is again present in
i
all profiles.
To investigate further the complexities of the flow with swirl vane
angle = 70 degrees,azimuthal traverses were also made 3.25 cm down-
	 a
stream of the location of Measurements just discussed. both radial	 E
locations, r/D = 0.170 and 0.204, were investigated at x/D = 0.0. This
is the axial location of the expansion station in practice, (1,3,5,
7-9) and the 90 degree expansion block was affixed to the downstream
face of the swirler for these measurements. The profiles appear. in
Figures 21 and 22; they may be compared with corresponding profiles





from both sets of profiles that the recirculation zone has narrowed
somewhat with the additional length before the expansion earner. At
the inner radial position (r/D R 0.179) of Figure 21, the axial velo-
city iS no longer zero. It iG now positive, i ndicating that the main
exit flow has moved slightly further inward. The azimuthal variation
is still quite small, however, suggesting that the damping influence
of the recirculation zone is still in effect.
	 At the outer radial posi-
tion ( r/D = 0.204) of Figure' 22 the axial and radial velocities are
larger than at the upstream position, also implying that the outer high-
i
velocity zone has moved further inward. 	 The azimuthal variation is
2
again similar to that of the exit-plane position at the same radius.
4.3 Calibration Sensitivity Verification
Since minor variations occur from one probe calibration to the
next, it was decided to check the sensitivity of the data reduction
,i
procedure to thes e va riations.	 The case of swirl vane angle 	 = 70
degrees was used, at x/D' = -0.109 and r/0 = 0.179.	 The most recent '^	 x
calibration provided the baseline values of the pitch and velocity
coefficients, (5,7) which were then varied by increasing the magnitude
of each value by ten percent.	 Three cases were tried;	 increased pitch
coefficient with baseline velocity coefficient, increased velocity co-




The percent difference in the output values of the
velocity` components is shown in Tables XVII through XIX for each of
these three cases respectively.
Referring to Table XVII 	 changing the pitch coefficient value is
seen to affect the radial component the most, as expected.	 The change
f
25
in output stays below ten percent for all but three of the output values.
For the case of increased velocity coefficient only, Table X4III shows
a quite uniform increase of less than five percent over all the values.
This indicates a relatively predictable, low sensitivity response to
changes in the calibration velocity coefficient.
The final case, shown in Table XIX, indicates that increases in
both coefficients tend to cancel each other for the radial velocity mea-
surement, which was the most sensitive to pitch coefficient variation.
The axial and swirl components increase somewhat, but all variations
remain well below ten percent. This relative insensitivity to calibra-
tion errors is satisfying but it should be noted if the coefficient
changes are of opposite sign i n the combined case, errors of greater
than ten percent in the radial velocity measurements would probably
ensue.
4.4 Swirl Strength Comparison
For comparison with the results of the idealized profile deriva-
tions, swirl numbers S and S' were calculated from experimental data
using Equations (1) and (6) with the turbulent stress terms omitted.
Measured velocities and pressures from the radial traverses described
in Section 4.1 were used, with appropriate numerical integration per





C and D. Since actual Wall static pressure measurements were unavail-
able, the reference pressure P C, was taken as the static pressure mea-
surement at r/D = 0.230, the point nearest the outer edge of the
swirler. The results are given in Table XX, showing the asymptotic
behavior of the flat swirl vanes in producing strong swirl. Also shown
26
in Table XX is the ratio wmo/umo for each vane angle, taken from the
measured radial traverse data. These ratios were used to compare the
actual profiles with the idealized ones.
Two comparisons were made to investigate the usefulness of the
idealized profiles. In the firsts swirl numbers from the measured pro-
files were compared with those predicted by the Case I idealization.
This was done by making the standard assumption that an "ideal" flat
blade swirler (with an infinite number of infinitely thin blades)
operating on a plug flow would produce flat exit profiles as shown in
Figure 1, part (a). The flow turning angle would be everywhere equal
to the vane angle $, and the ratio w o/u4 = F would' be equal to tan ^.
Corresponding S and S' values for each vane angle are then found using
Equations (13) and (15) or Figure 2 with F = tan 0. The results for
the four swirl vane angles used are shown in the left half of Table XXI.
t
It is immediately apparent that the negative S values for 0 = 60 and
70 degrees are based on values of F greater that the asymptotic value,
	 i
and are physically unrealistic. The S values for 0 = 38 and 45 degrees
are considerably higher than the measured values, while the S' values
start close to the measured ones but diverge rapidly at high vane
angles. This confirms the unsuitability of the Case I idealization
for modeling flat-bladed swirler performance.
The other comparison was done using the "most appropriate" idea-
lized case, as judged by visual comparison of the profile shapes. The
measured value of the ratio of maximum profile velocities from Table XX
was used instead the tan, assumption, which has no theoretical' basis	 I
for Cases II ­V. Most appropriate cases were determined to be Case I for






S' values were then determined using Equations (13) and (15), (18)
(19), and (22) and (23). Results are shown in the right-hand side
fable XXI Again we see considerable discrepancies between the act ual
and idealized values for both S and S'. Although use of Cases III and
V gives a much be tter match for the higher swirl vane angles, the newer
idealized profiles are still inappropriate for modeling actual swirler
output. The disparities may be attributed to the presence of the central
hub, the upstream extent of the central recirculation zone, and flat















5.1 Summary and Conclusions
This study has investigated the performance characteristics of an
axial vane--type swirler, used in combustor flowfield measurements and
turbulence modeling research. A theoretical analysis of swirl numbers
associated with several idealized exit velocity profiles is included,
and values of the ratio of maximum swirl velocity to maximum axial ve-
locity at different swirl numbers are tabulated for each case. Measure,,,
ments of actual swirler exit velocity profiles were made for swirl vane
angles ip = 0, 38, 45, 60, and 70 degrees using a five-hole pitot probe
,:4
technique. The values of normalized velocity components are tabulated
and 'plotted as part of the data base for the evaluation of flowfield'
prediction codes and turbulence models.
Assumptions of flat axial and swirl profiles with radial velocity
equal to zero were found to be progressively less realistic as the 	
,Y
.x
swirler blade angle increases. At low swirl strengths ( = 38), por-
tions of the u and w profiles remain flat while the v-component is al-
ready significant, At moderate swirl
	 = 45 degrees, approximately
	
r
linear profiles of a and w with radius are found, with strong v velo-
city. At stronger swirl 0 = 60 degrees, even more spiked profiles are
seen with most of the flow leaving the swirler near its outer edge,




prof 11 es are extremely spiked with flow reversal , The central re-
Sul ation zone extends uostroam of the exit plane, almost to the
swirler blades in high-swirl cases. Because of this recirculation and
the presence of the hub, none, of the idealizations considered could
model actual swirl cases adequately.
The flow-turning effectivati pss of the flat blades was generally
adequate for all vane tingles tented, However, the large variations of
flow angles and velocities with radius made meaningful comparisons with
t%vo-dimensional cascade data impossible. Nonaxisymnetry was found in
all swirl cases investigated,
5.2 Recommendations for Further Work
Other aspects of swirler performance not covered by this project
include pressure drop across the swirler and the efficiency of swirl
generation. It is recommended that these be investigated for the pre-
sent swirler 'to allow comparison with values quoted by other swirl
researchers.
Development of idealized profiles accounting for annular flow
and recirculation is another area 
in 
which further work is recotmiended,
This should include relating the ratios at maximum profile velocities
to effective vane (angles to allow prediction of swirler output for a
given vane angle setting.
l'inally, it is suggested that an uncertainty analysis be done on
the five-hole pitot technique 'to estimate the effects of turbulence
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RATIOS OF MAXIMUM SWIRL AND AXIAL VELOCITIES F-J
LE CASES T - V FOR COMMONOF IQ LIZ D PROFII





0.10	 0.148	 0.10	 0.150
0. 25 	 0.352	 0.25	 0.375 =i
0.50	 0.610	 0.50	 0.750
0.75	 0..782	 0.75	 1.125
,^	 3
1.00	 0.897	 1.00	 1.500
1.50	 1.038	 1.50	 2.250





(a	 Case I - Flat axial	 and swirl profiles, r^




















0.25	 0. 472	 0.25	 0.500	
#jr
'	 0. 50 	 0.828	 0.50	 1. 000
0. 75 	 1.070	 0.75	 1.600
1.00	 2.233	 1.00	 2.000
1.50	 1, 442	 1.50	 3.000
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TABLE I (Continued)
S H So H
0.10 0.124 0.10 0.125
0.25 0.299 0.25 0.313
0.50 0.535 0.50 0.625
0.75 0.705 0.75 0.938
1.00 0.825 1.00 1.250
1.50 0.978 1.50 1.875















S I S1 I
l	 1
0.10 0.099 0.10 0.100
0.25 0.239 0.25 0.250 }
► ^	 0.50 0.431 0.50 0.50
0.75 0.568 0.75 0.750
a
1.00 0.667 1.00 1.000
1.50 0.793 1.50 1.500





(d) Case IV - Parabolic axial and linear swirl











of pooft QUAILI TY
5 ' J
0.10 0.172 0.10 0.175
0.25 0.393 0.25 0.438
0.50 0.638 0.50 0.875
0.75 0.780 0.75 1.313
1.00 0.869 1.00 1.750
^f
zj
1.50 0.972 1.50 2.625 if
'	 2.00 1.029 2. 00 3.500
1.225 4#
H




























38	 2265	 13.30 1.30
45	 2600	 13.00 1.26
60	 2800	 9.20 0.90









Spatial-mean swi rl er exit axial 	 velocity, deduced from 1
independent upstream measurement, excluding presence of
the hub and swirler 1
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CALIBRATION SENSITIVITY COMPARISON, ACTUAL VS. 10% HIGHER
1 PITCH COEFFICIENT ONLY
ri
Percent Difference
K U (deg.) u/u in	 v/uin W7uin
1 -24.0 1.91




3 -12.0 0.27	 -11.43 0.27
4 -6.0 0.92
	 -10.01 0.92
5 0.0 2.15	 -7.89 2.15
6 6.0 1.87	 -7.27 2.87
7 12.0 2.55	 -7.51 2.55
8 18.0 2.29	 -7.73 2.29








CALIBRATION SENSITIVITY COMPARISON, ACTUAL VS. 10% HIGHER
VELOCITY COEFFICIENT ONLY
Percent Difference




2 -18.0 4.88	 4.88 4.88
3 -12.0 4.88	 4.88 4.88
4 -6.0 4.88	 4.88 4.88
5 0.0 4.86	 4.86 4.86
6 6.0 4.88
	 4.88 4.88
7 12.0 4.87	 4.87 4.87
8 18.0 4.87	 4.87 4.87










CALIBRATION SENSITIVITY COMPARISON, ACTUAL VS. 10% HIGHER,
BOTH PITCH AND VELOCITY COEFFICIENTS
Percent Difference
K A (deg.) U/uin V/uin W/uin
1 6.87-24.0 6.87 -3.75
2 -18.0 5.72 -5.85 5.72
3 -12.0 5115 -7.12 5.15
4 -6.0 5.84 -5.62 5.84
5 0.0 7.12 -3.41 7.12
6 6.0 7.88 -2.75 7.88
7 12.0 7.54 -3.01 7.54
8 18.0 7.27 -3.25 7.27





SWIRL NUMBERS S AND S' FRO14 RADIAL TRAVERSES
S S6 wmo/umo
38 0.567 0.559 0.801
45 0.765 0.71.8 0.876
60 0.850 0.759 0.937
70 0.883 0.750 0.887
TABLE XXI
s
THEORETICAL SWIRL NUMBERS 't
BY TWO METHODS
Ideal Case 'I	 Most Appropriate Case
S S'	 Case	 S _S' 4
38 0.750 0.521	 I	 0.786 0.534 -
45i 1.333 0.667	 III	 1.137 0.584
^
60 -2.309 1.155
	 V	 1.291 0.625
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(c) Case III - Linear Axial and Swirl Profiles
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(d) Case IV - Parabolic Axial
	 and linear Swirl 'Profiles
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(e) Case V	 Panbol is Axial

















































Figure ''. Variation of Velocity Ratios F
Through J (Cases I Through V,	
r
	






Figure 3. Photograph of Swir•ler - Upstream End
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Figure 10. Normali zed
 
Velocity Profi les From Radial
Traverse,

















































































30	 0	 30	 f
Figure 15. Normalized Velocity Profiles
From Azimuthal Traverse, ¢^


































































































The data reduction program used for this project is a modificationr !
!	 of a program written by Rhode (19) and described in some detail by Yoon
(20).	 A brief overview of the entire program will be given, followed
by a more detailed description of the major changes,
1-.	 Program Overview
The reduction program consists of a main program, two function
subprograms, and five subroutines. 	 The main program first calls sub-
routine INIT to initialize all array variables to zero, then reads in
calibration data, control parameters, and the data to be reduced.	 The
actual data reduction is done by repeated calls to the function SPLINE, j
which uses a cubic spline interpolation method to find pitch angle,
velocity, and static pressure at each point from the calibration data.
The function H and subroutines ABUILD and GAUSS are called from SPLINE
as part of this process.
Next a set of auxiliary calculations are performed.	 These include
nondimensionalizing the output values, calculating momentum fluxes and r
swirl nuttbers for radial. traverses, and computingavera es of the out
 g
put quantities over successive one-blade cycles for azimuthal traverses.





output data set for disk storage, and all output variables are printed
out in standard format using the subroutines WRITE and PRINT.
Changes were made to two sections of Rhode 's original programs
the main program and subroutine INIT.	 For brevity, only the changes
to these sections will be considered in detail here.
	 For information
on the structure and function of the unmodified parts of the program,
see Reference 20,
2.	 Additions and Modi fi cations	 f
w
The code's new capabilities include calculation of static pressure
	 1
R! 
at each location and reduction of either° radial or azimuthal traverse
data.	 For radial traverses * the dose calcul ates axial fl ux of axial
momentum (with and without static pressure contribution) and swirl
numbers S and S'.	 For azimuthal traverses, it calculates averages of	 k
.	 In addition, substantial changesthe output values. u, v, w, and p - p^	 1
have been made in the way data is labeled, read in, and stored, in an
effort to reduce storage requirements and make the code easier to use 	 t
and understand.
Static Pressure Calculation
The static pressure is found using a method based on one described
by Bryer and Pankhurst (21). The method uses the fact that the absolute
pressure at any of the five holes in the probe tip can be expressed as 	 `
z
pi = Pst + Kig
where ps t is the local static pressure, K is an empirical coefficien t
}
which is a function of pitch angle 6, q is the local dynamic pressure
z
^_^ L-A




hpV , and the subscript i stands for any of the ports N. S, E,, W, or C
F	 Rearranging this and subtracting atmospherl^ pressure from both sides,








'	 We now introduce the velocity coefficient,
2
VC =	 ^Pv
nCTI —p	 pl C - p4^ 1
`	 which is already used in the code to determine total velocity magnitude. t
In accordance with standard practice, it is assumed that the velocity
coefficients under calibration and measurement conditions are identical














pW s l ,cal	 PC	 pW dl,meas
This rearranges to
-	 ( p61 ^ PW )dg ; -	q'	 meas	 ( Cmeas	 o,	 ^.2)Pk . 1- ^c^,l
	 1 l
f	 Now, from Equation (C.1), taken at 8	 under calibrati ol	 n conditi ons :
f
pC	 pst (PC - patm)dl,cal
KCd
1 
,cal q 81,cal	 gcal
since the static pressure equals atmospheric pressure in the free jet
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Equation (C1), we get
J
(pst - patm^meas	 (PC - patm ) 6 1 ,mean -
(PC 	 patm)a,,cal gcal (p	 _ P
(PC - pW S1.cal	 C	 W difWasgcal
The calibration dynamic, pressure cancels, and the remaining calibration
F	 pressures may 	 combined to
	








which is determined as d function of d from calibration data. 	 This leads r
r
to the final expression for the gage static pressure at a location where
x
the pitch angle is 8l:




This l ast expression is used direc tly in the code. 	 The value of SPC is {
found by the same third-order spline interpolation technique used to
find the pitch and velocity coefficients at each measurement location. 1
(See lines 2690-2720 and line 3070 in the listing in Appendix D.)
Radial andAzimuthal Capabili ty
G
^q
The reduction of both radial and azimuthal traverses was implement-
ed by the addition of an integer flag in the input data to indicate
which type of traverse is to be reduced. 	 This flag, the variable
KRADTR, is given a value of 1 for radial traverses and 0 for azimuthal
.A
ones	 Since this value is read in only once for the entire run, all
;i
86
?s to be reduced in a single run must be of the same type -
ill radial or all azimuthal.
Data for both traverse types is treated identically through
Chapter I of the code, with the azimuth angles read in as values of
radius, RINCHS. The major differences ocCur 'In Chapter II where the
auxiliary calculations are performed. Depending on the value of
KRADTR, radius values are nondimensionalized by the test section dia-
meter or reset so that azimuth values remain in degrees. Next, the
value of KRADTR is used to control branching to program segments which
perform calculations unique to each traverse type, which are described
in the next two sections. The last application of KRADTR is in Chapter
	 f
III, Output. Here again, it controls branching to ensure that only





When reducing data from radial traverses, the code autonatical,ly
	
I;
performs a simple numerical integration procedure to -find approximate 	 s
values of mass flow rate and the momentum fluxes`G, G x, and GX'
i	 These values are then used to calculate the swirl numbers S and S' as
a	 s
defined in Chapter II.
	
a
The integration procedure is effectively the same as that used by
Rhode in his original reduction code, as well as in the STARPIC;predic-
tion code (22). However, the integration has been rewritten to cal-
culate terms for the 'ring elements in a more straight-forward manner,
and the central disk element has been added for completeness (lines
3830 through 3880 of Appendix D).
87
In the absence of true static pressure 'taps in the rim of the
swirler, the reference pressure k). has been approximated by the monsured
static pressure at the masuremont location nearest the wall of the
swirleri. This may introduce an error, but the results will still be
useful for comparing trends.
Azimuthal ' Traverse Calculations
For the azimuthal data, an averaging procedure is used instead of
the intepm ►ion routine. Since the data is expected to be cyclic with
a period of one blade width, averaging is performed over successive
one-bla(le cycles. These successive avencges may then be compared to
i
	
	 check deviation from cyclic behavior or averaged agai n to get a single
reps ► sentati ve value for each of the. maj or output quantiti es.
i
	 The code is set up to handle traverses having six points over the 	
i
width oaf one Mode- for example, six-dogree increments for a ten-bladed
swi rl er. For other spacings the value of NREP (line 4470 of the code)
must be changed
Si nce the reforence pressure p n, for , each vane angle setti ng i s
taken from 
 
radial traverse at the exit plane, the value of p^^ must be
supplied by the user for azimuthal runs. This allows calculation of
the. pressure di fference p w pax, from azimuthal traverses for compari son
with the values obtained from radial traverses_. For those users not; 	 z
cooceroed with static pressure- measurements, the supplied reference











separated from the body of the code and incorporated into the block of
input data, which is stored in a separate dataset.	 This minimizes the
need to make changes in the body of the code, and reduces the memory
3
space required to keep a record of all input data for each run. 	 New
headings were added to the input dataset to identify both the calibra-
tion and measurement data, and additional variables are stored on disk
for use by auxiliary programs which produce tables and profile plots.
To improve readability of the code, all DO loops were indented and
extensive comments were added. 	 A listing of the reduction code	 with
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0f.) t s0 ('= PEI 1)	 fiFI1L1f'F 1) VALHI ION PPOI(i )l AW AN61 V r LIE ti
t)t) IO t VTU'IAt, - Tt1TAI W1 r1t.:1TY V10TOR MAUNI'VOIJEr MPi
00 11V I1 It
	
- AXIAL. COMF`OW NT OF` VEt>1ICT l)'r MWU
001100 0 v	 w ropot, t,I'1Mf`. tit" VF(f1tT1'rYr M,s
001110 (' 1J	 - rANG NTIAI. (SWIRL) MUM, M^^B
008 ,20 (: F'	 > I&tal1CC I 'VALUE OV 111A M' V141)1`11.0 r NetaU. M WA1,11
0011,10 t' XNT1	 NONCIMENSTUNAI A\TAI I , 01i.f FION: X41I TAROT
Otttllt) C FIN
	 - TNLFT Rf ('rrsF:N('f VtI FIVTTY WAL11, F-HOR Iilihlf'tal  s M "Ii
04711',,1) C MAof, 1 Cl _ TNLI:T MASS rI OW RAILa (A cISRIMINU 11NII FIRM AXIAL YEI III'I 1Y A r R(+ 'i
C)c7tit,lA lA Vr111+A1r 	 N(1N111M, r(1TAI ULl-UCITA
	 AGNlTUt t VTIITAMIN
0011 O C 11;lTAh	 NONPIM, t1XIAI VFLf1VUYr U'11IN
0011110 V Y ISIAk 	NONI11M1 RATIMI YFL.f)CI'1Y, V,,OTN
00119k) t. ► sl'Au	 NOWITM, I AN( t'N1 TAT VI I , , WitITN
00900 r' F'STrAR	 N£1N11IM, a1A'fII' FF'f"UtiLII.F'r )'1c1;1NF'Ti;i
00910 1,' RN11	 - N11NDIMi KA11161 f t11to 1, 141.11 Al WAY t1HSO IFIFfA FOR A,r 1M+ TRAM 10'l t1
I?C) 1.jo (: I1Y1'ti	 'Ki,TA ti-Yr f'UIN1 E;O11111' (I OR'RZAIIIAL, 1NrAINATIONi IHOM :a'till(I'li'l
0O'.l30 C 11YNF'	 *DVL,'rA--Yt NORTH °POINT I tRIM, TO IiM)
00 1 40 0 ,NS	 #UMAL. L, NORT11-801,111V Fht1M 51AREI  Y' (18111 AS Pfl1A ii 1`116 TNTfLiR*
00 1' 1,1(7 C F^l1Tf F" 	 F'RE`ti>i, TA1lf^ t h' 	 F'hf;F tfclL.	 '1'[) CAT 01,11, ATr_ OWIRI Nt i l•II(ER, N "i10, M
{TO' eio n Aiil".:AI	 t*pr1 OF I,IT,it , I . I VMI NI T AT C UNIV,R OF INTI"Cif+AT IIIN H(J;TON
0 0 9e7k7 G FLUIJ	 HOMMATIUN FOR MAHS FL.MJ 1HROUGH KING IF i:"MEN'l.a
00900 (1 WMMI
0('t1IM I, OMOM
0J t)t)t? V O1J()Ffj`
01.0111 (1 AKFA.1
010. 1 0 f: MASS
0 10 30 1, TIME AN
01010 V ANUMOM
010 1,10 C AXMtIM
01060 c AVIOMP
010's'0 C SPRIMVi
1,51 111 t t) C' a
01(A +^ ^ 1: liF.iTAV1i
0.1100 C VSFAVU
01110 c W I)TAV1(.)11:'O 'C PTIVAYLi
SUMMATION FOR ANC(II AR MOM NTTIM I  ttX
TIFTOMMA) ION FOR I► YNFAMTC' A'\T ►A1 OM. Fk-ll\ (Nr'(iI-, F'f^f 11^;«-	 IaM)
;TIIMMAITON f Ok AXIAL M041 Nr11M FI FIX 	 IWE , 1'10 11 ifIRE 111€"1 . 11 101-
Ak 'A OF t At'1i J^ INO I I 1 Mf N1 r 'M, M
INTLOKAILAI MMtt.i HOW KATF r kti a
IN1IPGRAT.FF1 MFAN MIAL VIAL Ot` 1TY r MWS'
INTI-ORAM11 A\1A1. i= I VX lit ONWIL.AR MOMFNT1JM* W-M
TNt, AXIAL F°LtlrX -OF 11YNAM:Tt, t+XIAL. 'MOM. r N (NFAXt , PKI SH * ll MI
T'NT, AXIAL. Fl,ll\ (Jf'~ A\IAI MOh1,NrWF1v N (INt'1., 1`10 !11^11[IV 11101)
S14IRL. NUMI*R' VALVi U13INU I1M)MIC AXIAL. MOM1-N"1(ih1 1lO\
r.'WI1 L. NUMI)t R CAL.0 . 1114I.N0 F UL 1„ AXIAL MOO s F LO\ % 1NI'l , CRT' ';S * =
AV RACE OF IMI't1Tt VAL UL FOR A41M1 TRAV. r UVCR 1)NG 111„AIiI: l iVili t
t1VG, OF VBWAR VAL LILS
AVG, OF 'WSTAN VAL OF S
AM ' OF PICT VI Ur)L 1J1, i
1,)1 t Xo 1. l l I. ft:(itT	 ' I,AMTNATC APP. 11l,11,4MI TY VAI VULAT1 T1 f 1 OR F OUH TINA(?t 1011' r 101'M*II	 `..
_	 1)1140 V 1*111N	 1NIJJ Rl YNtll-1 1 11 NUrMM 10 V ALA", 14TNO V1;il'." O1311Y FOR I rlt;lf IWAY,
0t1^,(7






	 DIMCNUICIN fit 11M(WO) o FiL MOINC7) WVIINM8(9I tlolf llt. MWC9) PEIVOC'MA01 ) .
=11 00	 4HE'RI(9) r11f.°d1t1t9)rtalT+lit( )rf{t'TAt11t'^)rNFCt(1;lTt`^ar
01 I'l I	 M,1IF1iVSTi9ir Fit llf4 g I(9 1 rIiLF1T'flI l( 1 ) v i-1I,I , bL'1.	 111013FA,(9dr
	 ^E
011 1 . I sA 	ff-ILWO1, (9) flit DM) V(9Il),lit1101f'1LV)+IIFIIAM(9)r
O1.i.;1C1 '	 ^1 rIlAX(9) r111'11A^F'(9)111FL11iF`R(9) rH1.11 t (Y) 1 , 1,11f`( 1i1 ) 0HLIWIJF'00 ) v141%1114 , It(ri ) r	 I
0III 'lo	 litA)lIt1(19)111LpT1.)."t18)fliv lf.A(9)1tif.CtVNA(Y)rEM)1J!3'A(1t1)tIIt111-111AtV)
01.1 110	 4MVI)rANMw lit, PIFI ol)rHI_tPAT`kY)rNL,lttiNf;I(Y)iHFa1)V;lti(9)?11111CA1 (9)
U 1.' {+O C







01`2110 4/ME° ASUR/RPETA(0124) ► hl'NMf'8GIY:14)vRf'(.'MIIWMP24)eI(F'OfjVASI1r:!+J)r
01300 #:	 NPATA(0)rMAXJF'TrONPRS(11)r
013:10 #	 F"AM311*00) vThI_OW(S) r1^'ATM(fl) rFjLt)FF (W)
01320 l:/GF;C)M/X ( fl) v R C24 ) ► XND 10)0 UND(24) r VYfll C?? 4) y DYNIr (24? r
01;3:50 1	 SNS (24) rN )TA'TNvXTNC:IIS(H) oRINCHS(24)
01340 i/CALL/VTOTAL(8r24)rU(Ely:?-4) rV(Gr24) ► WCOY2117vPff)r24)r
01350' 1	 VTSTAR( flr24) rUriT ARMY	 4 ) ► VGI'AIMJr24)r4l 5ToR(IYr: 1 4),i^ ,s'r)kMYV4 v
01.360 4;	 PTCHCF( r:Tr:.4)rVVL,Ct°C0r24	 vr.iCcL"rA(Clr241rm.." A(#'Ir:`'4
014V0 1	 ANGMGM(0)rUMCAN(0) r NA M')(0) y MAf3FLO(0) v USN (11) v
01,380 #<	 F'DTFF(8r:',4> y F'tITCf• (Etr !4# rr1XMC1M(CI) rAXM17MF'(H) r
l 013?0 J>;	 SPR IMI (Q) r8( 8) i REDIN(0) rh'REF( EJ) ► RHOM) rV h`iC01MI) r
t 01400 4	 LJ9TAVG(St24) rV:TAVG(8 y 24) rWSTAVG(O p 24) rEDVAVtJ(8 y '4)
01410 11OLITF'UT/STORf„(G)t 0 1, 42 0 C'
01.430 REAL MASSYMASF40
01440 L OGICA1. TWI' ITC01AGN
014:;0 ('
E	 01460 IWR:I'TEw. TRUE, FOR WRT,T3:NG OI,.N
	
ON T l$K ST0R6Gr'v







01'040 C --- RLAD CHARACTkI3 DATA FOR HEA111N'.i	 USED HY-EiBRC)UTIN17,S)
015.50 C WRITE AND PRIN'r (ALSO CALIBRATION HEADING)
01 160 C
01170 R-"A11(5r20a)	 r1E DMrIIELiIlMNrHIa1;1UvH1 IVrIIEDWr
01500 :q:	 HEDVT v HEDLIST i HE GVST r HIMWSTr 111 IdO S"I P H EDDLI.. r I ILiC11'tG;'I'r
01.090 J:	 HETINMS v 1U TIC:MW 9 HrrICMA r1-II' DMMf" f FIEDNIV 011F.DMIF , ? I-Ki:_f;lAm
01600 U.	 HEDAXr1EFIAXF',HEDSF`RrlilmilJrI1CI,Ih'rIItlr)F'OFrILCtIRL1) ►
01.610 JI;	 IIEIINAN P HC'"ll'I II'L v	 I-II.; Iroin, m: lv:rs Y
01620 f	 1-111-:D11SA ►
 HF'LIVS(i r HF'DW
	 A r I-IV,	 ► I IFDCAL,
01630 20S FORMAT M4)
01.64( to




01690 C-•----------RrAD FTVK-HGLE I^'T'TOT CALIBRATION flAIA
01700 C
01710 NCAL.r-2S
01720 IDO 10 1 a i y NCTAL
01730 READ(	 P21,0)	 (F ITr:Ii(:), cDE :I_TA(I `,CVEf.C;F (];) riyl=';STC:f'('I':>
"	 01740 10 CONTINUE
01750 210 FORMAT (4F10.' )
0176 0 TF(DIAGNS)	 WRIrE(6 y 400)	 (CF'I:rCH(T)vT-ly:'i)
01770 ,TF(UTAGNS)	 wHT'rE:(6r-?00)	 (C;XIC:I Tr1(:1)v C-ir:?l,)
01780 IF(D:CAGNS)	 WRITE(6P400) 	 tC:Vi.„I_CF(:C)rC-lv:?w;)
01.7 90 IF(DI6GNS)	 WRITF:(6Y400)	 (l I :i'rC:F( I:)rxvx,lr.;t;i)
01.800 400	 FC)RMAT(///r1Xrl;i(FS,4y1.X)r//rsXri.2(FO.4))
F	 OiEl10 C
01820 C-, RFAD USER H-ArITNG;ar
	 GEOMETRIC: ANII,CONTROL. I-ARAMI TI RT) AI^'PLYINt,y
01830 C: TO ENTIRE, RFMIrTION RUN
01840 C
01.850 RrAD(Sr21S) HEDINYHl.D11.12
01060 2 1', FORMAT0.0o4)t	 03.870 READ(Uv'216)	 ALPFIArF'HIy11 i]:NC11rI;t1..TNCFIE	
-01.17110 5116 FORMATW10. )
01.1190 READ (l v :'.17)	 KRArlTR r NSTATNr MAXJl=' T'6	 0:1,900 217 FORMAT(3110)
I	 01910 CJ
01'x20 1. ,.. I+C:AI7 GXF'ERIMENr F'ARAM17 I'I'f .i
	
cSF'SCIFIC TO	 EA CH	 TRtiVEf21;E:r
	
THEN'













F^1t1at'	 (T)rT> 1•NCIWSJ:)rl''1TMtL)r11	 )1tF<1) a019VO 41 r+..NT'tnrn('C)
01 U "10 Do	 )0	 .V1 1 y J1' l!j
{)'. 000 RtA11C;ioV20)	 h" TII(r'C::ifJ?rR111 T(1{J'rJ?rHII11-11^i 	 I	 t	 eI t't,hF'W	 )rr,.I}r I^
t):0«'0 20 CON'TTNOV I
0'0,'0 JO r:1 ► NTJNWII.;
020 , 10 C
K	 t+„)t);',0 K.”	 -, ---- - --C0NVFAT X'S" ANti R'S FROM 1:Nf:,H[ "-	 10 Mk I )f'^1
02060 t;








I	 OV1 TO JT'TW•NT1f1Tnf'O
I 01+ 1 ;'t) TACT 32	 ,J nt F Ji~, 'H;
E.	 0'!1.30 F^ SJ)Fi] NrtF{tii S.l) ^Kfl. (?.':i^l
€
0 11 1 	 0 32 C.(JNTJ NU
02160 20 f-01r MAT (,	 I(N.S
0 1l0 230 r,Offt)T(1F1{),Sf111.0r:')h1(1,^,^)
r	 0P1100 1r"(111'Ar, N is )	 WR'r'r (P)r4',o ) 	iN11A1r1ti.1.) y J-'1,xNirATN) j
'	 !	 021,9 0 ri'(tiTAGNC3)	 Wf{1'IL:(e)r4`10)
	(X(T)PI
	
. J rN SaT am) l
01Q00 Tr•	 rixnt'ms)	 WFtIff-'(e,u;, c 0)	 SrrS.1Sr.1; .. 7.x JM't4'3)^




a	 )IF (Z^7tlGNS)	 WRITT- (6 6 	 (1+1{r^'i'n( r	 .J) r ! +i Y.
	
T.3) i
0 114'(	 'EA0148)	 Wk'r11'(6y'b00)
	 (131 (dMt"1(TrwlsyJ^C,rJI'TR:i)
0,	 4 0 T	 1)1A0NS)	 Wt1TTC`(6p500)	 (Fr T"MI"'w	 'rr,.l) rJ	 1.r,11'r'))
c)5o	 10 TF(TIJAI NS)	 WT4:r'T1:(6v.'j00)	 (I t' I,^h11"' n 'Tvel)v,,l • :f rJf'i:^i)
02260 J7 r'ON't`rNlJr:
02, 1 ) J O 450 F• ONMAT(fY40' 'I,(F[Ir4e IX? )
f):+",'!1f) ^i"14) f r)l'{14P1'1 f t!/ r ^1f)X r 1. ( i t:l i ;1X)
0?t?` Q ,1.500 TCII"tFit)'r'(Illr.'0Xr10(1 ..'0#4	 ) 1
02 ,1300 Cr s
023 t 0 L'Flnl-'TI`A 3,	 1, 	 1	 1 1	 DATA RUM 11ON
	 'I,	 ;r	 1.	 ' 1	 :1.	 10.'.Q0 C
0 V330 C 11- 1- 1-- l -CA1 (1	 I°' rC.'FiC
	 nNfr1	 m TI :Iti ,ni n Tla	 I , r;	 w ."t m	 r°ru)11
0 ,23 C ."... - -	 I'1TC'T coo.mA T) CN C(+I.RV1
0:2:300 C 1
f)'3I0 Tit)	 10	 J	 1. r NSTATN
U.?.3+It) T;10	 40	 J a 1 yJ1"TS 1
0'.1t)0 Jt(ar'CMF41(Tr)) .1r'(1.0r0)r(1NL^+(IffI NMFS	 1:r,1),I::CJ,0.0))	 00	 i0	 ;if3
0V 4.10 F'IC1-1r:r"(I
	 i) -rtir NtiF'SfIy J)/f6PC'MI W ( I v Ja h:r	 r -^i)
;CF((L`.CC,iiL1-€J'x .1),1)1,;',. 	 44)..01	 F';r1;F1(I'(T r,.l) rl..'T	 ;r'.`le)'i'))	 cm	 '1'C	 ;3Ei
.^
1
0 1 4:3t) TF	 (1I1J;G	 .1.C).
	 0)
	 11F1	 C,	 txr	 J)	 -faf'1.1Nh:<(;F'C'r'C;I°Ir '1
0.?•14s) IC	 C'T1l:J^.i),rNta")I	 rl^':1.1:11t;F {.I:_p.J t) `f
t).'.4l;(} I V (1	 1'r11	 .ST.	 0)	 I1C4Tn far r .1	 St (C, p 1:1C'FlrCD	 T'Tn r _
0:'4A0 It	 N(AI.v1'.rV11	 l C.Xv.J))
t)	 + 91it) G	 1(1	 4{) 1(W4 1, 1 01rf) ;3 t1 fi C11q
 T1:NlJl1
0 2 1.1(5 0 11F I, TA r C r .J1	 0. 0






OF	 CAL rti{Cil1IIDN AT	 I (1
02"J'10 -10 CON r) NIJF.
OP i." j 0 50 ( 0N7,1 MI IF,
^^^ ^	












0; f O*) U(I 00
	
T:1 rN STnTN N
lb w ,	 _yr C `7 t^",
OF POOR QUAD IVu
94
02610 NPATAM
^ t	 c 0 110	 70	 .J -1fJpr(i
.'+fs	 U t (J'i1 L'MF^41(	 r.lJ rliJ7,(?+5
	
+nrJC^r (}4t NMF`E^(l r,.lk.t li,tl^ 	 t > 1	 tit[	 '1 1 )	 4
0640 IMAIQ0`1l"i. 1'A(1fJ))) 	. 01.	 "sU. r1?	 tit) ''m 69n
02650 MIND ,V(1p	0) VLLCF"(I*J)- .—S I.INE"kCW L IAP
02660 ^ L;VFL.C:FrN(^At..,Ti^CmTA(I,>I) )
0411 670 IF(IDID	 011T,	 0)	 VB.(;F(Ir.J',	 >t (CDF'L1,'1,t',VLt, l:F r
0*2690 1i=(IIi1	 I»(1,	 ()	 F':;Tt;i'(T+. 1 > ~CiF'L.IN	 (CI'^ I l.rAr
012 /00
Y
C:F(1 ITF ► NCAL # Ilk L TA; z r.1) ?
02/10 IL'('( Ill	 iCTs	 t))	 F'S'r(,l	 (Sr J)^^iF (I;I^t:L.(Et.('.t''^ Yi;t"r
02740 U0 1 U 70
02/ 60 VfLGF (It	 :,:0 	 0
02110 0
011,/so I,,)
O' 7'70 890 FORMAT (20X	 K L I 	 Ili OL1T	 OF	 RANOV,	 OF	 P,AJAtJ'Ar ltitl	 1^t•'Iis 1
t 02000 17ir'	 AN1)	 0	 1.3)
012a 10 70 cowrINUE
02,FJ20 130 (AINr1:Ntlr;(" 0<'U1.30 L;
^d
-
02840 DO (1 15 T=iy MSTnTN
0, G107 0 Si E
0 111 060 r.*(l.iIOiNV0	 WNIIF(49i'i00)	 DFL7A	 T,..J,r1-1s	 li-'I:.1)
O2t170 THDIAGN5.0	 (1i1-: 01 : i1:r,J	 ,J	 3.	 J1	 r',.:^ ;'
`^ ^»(JF10 Ii^t11.11"A(1tJ^i)	 1J1^7tJ^(krii00)	 (I^'Fi"r(;r^4I:rJlf,:J•^;I,,IF^J'.i7
;I
i 0	 1.15'0 Q'i GON 7 INO
02900 C
029:10 MADNTTLJD ' OF	 TOTAL	 JJ1:AJJ	 VVL O(:'IT y	 VLF(;•rOR k,
02 Y.20 Uv	 V,	 i4 W CUMF'LJNENTi,	 ANI) kITA' IG	 1. M"V;1,Alydr
029 30 C:
02940 F,1 =3, 141.09 1
0Y b0 110	 ;LOO	 T L2 1? N,91 A'rN
0,`60 i^Ml(I(I)k^l"'ArM(.L?t(L,i,3..33)^^?(Ja,°^^^(1'FL.CitJ^l)Lat?.3.1^^Jt
012970 11' r,');;^N11161'A (L) ; t
0V900 W	 90	 J1 : 1. v,:JPTc)_
0a NS'(1 HkTA(I rJ)--;3^,0,+r1z IFV (.15 -RrirlA(:Cb-1)
013000 v	 .it	 rt,0
0:3010 VTQTAI (Iv, j	 S11PT(AT:t8(;?t(1	 10(I)a(VI.J,t	 ,. 1	 r1F'	 'i.	 •l..z,i,u^> ^	 10;0 1 iO 1.1(Iv I	 v V r 0 1 A L ( I Y 	 I^	 *	 Q0.)	 D r I I 	 1 v ,1	 ,I	 I /'l	 0?	 -J( $
0''10,30 !11 CU$(sr.,	 ,I M;01 1/10	 0)
013040 V(Iv	 1) =V'LClT(tl (Gr 1^	 ^1N(tiLL1ASIJ)mF'LI7.,(1.0)
0HO-Ij0 iJ(SkJ^	 V'TtJifil(Ir	 l^	 f4	 1Il`,(1^ i :1IA(1	 1)	 s	 1>1t^'),(>)
0;.301)0 .p: :rlTi(11C`TA(I: 	 J) kl	 I	 ''IJ'30	 c)}
 9
014070 M(:1y,i)l1C.1.^^,'„3„i Iz
U 3000 90 CON'r'i,M I
q .XO s70 100 i'l10M11L
0"11.0(Y 1.1'	 (I) I'A*1NL, 	5l-o,	r(o^ h ',+}0) (V r117711. t 1,^.1) K .I	 1 =	 jr, ri+:^
0;3:L10 1: F( T1 J:60)N.I:i	 W13wIIt:.(6v:	 it7	 Lltlr.l7»..i-1r ,r
03:L2 1	 (TiI:A6Nt3+	 W	 00	 (V(T- I)	 i<r
04 I L 130 IP*(D1IAi:N13	 WklJr Os	 I.j	 l 'i	 (4)Cl D	 I	 1.0 1r'T If
0;3140 r.F(L)1:f1tW:0	 WWI I F	 P ! j 0 0 I f.F	 I n_x,,,.r:.J.v WT .4
!6O 1'IIAh`i Ir 1; :3	 x?	 :u	 2	 2	 I'll I`TLf6HY	 [t'^LXIM."^iI.IJi^^L,	 '1	 2	 . 2	 2	 2
^ 0.;31 % 0 [`^ ^
0:i1 00 i`iNll	 kJ LA KII';l; 111.	I
031.90 Cl
01:?0O 00	 1wi0	 .l	 1,rN irArT^
03210 *1110	 ('t	 0*14.i)NOF)
0"121"3'0 LI1:1J(I'i.~(,nI7R VC) ,+11P141
	
('L
	 ;r)#113;r'i.,)):k	 :3a	 1	 ',irWit)	 9*2
0;3: 1 40 MAVu.t.0	 1 )	 C 1'I'tmfl( I ) ti 	 r N ( 1?f,1*0itI.sl.L.k t':.?
OXI 10 DO	 140	 .1 '1 r.Jr'T';
O3	 ftf) V NHI AN T Y.)	 -V 101 tl, (T) X, ILIXN (1)
,
95





LrJ) 4)kI ► .J) All IN( D
03.:80 +V,111At(Tr.11--U(ItA) 	 LL1N(1)
030'r'() Wf;rAFS(I rJ).WCLr. ►.)i +J: r!. N();1 31.
03300 PH I AR (T r x	 P C I r .1) f'C FSTINL'+C:1 C I') * 1.3;3 0 3 )
03 310 14 0 	r,)N L IN(1C
03320 11,.0	 iiiNr3 Ntu7
033330 T+CK► ^'A^1N^)	 W+ 11"L`(1,x4 ,0)	 (WT,°.+(r) r f :.LrN"iT'ArN>
03340 TPCDIAHNS)	 WR17V(6r4';j0) 	 (MA^:;1'I^C Ct)^L-1rNtiTArN) ^(
0.3.3:70 PO 160 Jti1 ► MAXJF`'f'
s7ai;i.'a( ► ' AND (+t) ^.bt CJ) t C^ e (?^'i#i.Fif:C3^ t ^	 ;
03370 IF(hRADTRiCQ.0)	 FCNrI(„1)	 r l^+l,H6a(. ► ) 1
03300 11r(leRADTr(,P"O.0) 	 i^(J) ^I';^N+aI:J(sl)
03390 1.i0 GONTIOUL '.1
03401() C
03410 IL° CI(fCA[► rl .k,i)+())	 UK)	 T O	 13:3 C
01410 C I
03430 C.,. , ^°FOR RAVIAL PROFIL.FS;
	
NUMHRI AI, 1FC rF:ORATION TO CAL G. t„, ';> F
03440 0 FLOW AND MCIMUNTUM FLUXES FOR 01 WIR	 NUMLt1-.+3 li
0 34uo i, i	 903460 0 FOR PROFILES A'r AND UPSTREAM OF EXPANUl:C1N CilfsKR y R *111'11
03470 0 18 USED IN EXPRESSIONS FOR DYNP AND UNEANr' 	 1.(UWAtflT1 : +)11 11 +
0490 C EXPAN:;105 RLARGE TO Uf FD# 1
.f03490 G;
0. soo 00 1430 1-1 rNS ATN
0:3510 .1C'1 S'=N1 XTY1(1)
035pS) .+i	 S	 1Ni1
	
.1F rs.-i t
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The following listing is of a dataset containing the input data
for the reduction code. The two datasets are submitted together as a
single batch job; they are merged by the computer before execution.
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Output generated by the reduction code using the example data given
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